There is an ever increasing need to apply hydrological models to catchments where streamflow data are unavailable or to large geographical regions where calibration is not feasible. Estimation of model parameters from spatial physical data is the key issue in the development and application of hydrological models at various scales. To investigate the suitability of transferring the regression equations relating model parameters to physical characteristics developed from small sub-catchments to a large region for estimating model parameters, a conceptual snow and water balance model was optimised on all the sub-catchments in the region. A multiple regression analysis related model parameters to physical data for the catchments and the regression equations derived from the small sub-catchments were used to calculate regional parameter values for the large basin using spatially aggregated physical data. For the model tested, the results support the suitability of transferring the regression equations to the larger region.
Introduction
A capability to simulate river flows in large river basins is desirable for at least four reasons (Arnell, 1999) . Firstly, for operational and planning purposes, water resource managers need to estimate the spatial variability of resources over the regions for which they are responsible, at a spatial resolution finer than can be provided by observations alone. Secondly, hydrologists and water managers are concerned about the effects of land-use changes and climatic variability over large geographic domains. Thirdly, hydrological models are useful in estimating point and non-point sources of pollution loading to streams. Fourthly, hydrologists and atmospheric modellers are aware of weaknesses in the representation of hydrological processes in regional and global atmospheric models.
The development of simulation models in hydrological research has focused mainly on basins smaller than 2000 km 2 and on their extrapolation to ungauged catchments or regions, by estimating the parameters of the models from only the physical characteristics of the catchments. Nash and Sutcliffe (1970) stated: few hydrologists would confidently compute the discharge hydrograph from rainfall data and the physical description of the catchment, nevertheless, this is a practical problem which must often be faced by practising engineers. Since then, approaches have included: (1) proxy-basin method (Klemes, 1986; Xu, 1999a) , (2) linear interpolation methods (Bergström, 1990; Guo, 2001) , (3) Kriging interpolation methods (Vandewiele and Elias, 1995) , (4) uni-variate multiple regression (James, 1972; Jarboe and Haan, 1974; Magette et al., 1976; Weeks and Ashkanasy, 1983; Servat, 1993; Abdulla and Lettenmaier, 1997a,b; Seibert, 1999; Xu, 1999b; Müller-Wohlfeil, et al., 2003) , (5) multivariate regression (Tung et al., 1997) , and (6) one step regression regional calibration (Fernandez et al., 2000) . Some progress has been achieved but the problem is far from being solved. Abdulla and Lettenmaier (1997) wrote: regionalisation of the parameters of rainfall-runoff models for prediction at ungauged catchments is not an easy task. Similarly, Xu (1999b) concluded: The problem of parameter estimation still constitutes the largest obstacle to the successful application of rainfall-runoff models. Clearly, from an operational point of view, the full benefit of a conceptual model will be realised only to the extent that it is possible to synthesise data for ungauged catchments. It is therefore appropriate to continue research in this aspect.
During the last decade, the evolution of continental-scale hydrology for water resources assessment at large scales and for improvements in the representation of land-surface hydrological processes in regional and global atmospheric models has placed new demands on hydrological modellers. How to derive model parameter values from spatial data sets without calibrating the model at the large scale is the key to the development and application of macro-scale hydrological models. Moreover, new models working on rectangular grids at large scales makes regionalisation even more difficult, because their calibration over a large area is simply not feasible. In previous applications of large-scale hydrological models, all or part of the parameters have been determined in one of the following ways: (1) fixed globally at reasonable values, or values selected from the literature for the appropriate land cover or from previous studies. (Wood et al., 1992; Stamm et al., 1994; Nijssen et al., 19970; Arnell, 1999; Ma et al., 2000) , (2) calibrate the model on a number of catchments and regional parameters are obtained by interpolation (Guo et al., 2001; Gottschalk et al., 2001) , (3) direct estimation from physical data for some parameters and calibration for the others (Watson et al., 1999) and (4) develop multiple regression equations that relate physical characteristics to model parameters optimised on the subcatchments selected, and use the equations to estimate model parameters for the grid cell in the large area (Abdulla and Lettenmaier, 1997a, b; Kite, 1994) . The difference in transferring the regression equations from small subcatchments to large basins must be quantified.
Here, the suitability of transferring regression equations from sub-catchments to the larger region for estimating model parameters has been investigated in an application of a conceptual snow and water balance model to a seasonally snow-covered region in central Sweden. The model was optimised on all the sub-catchments in the region and multiple regression equations relating model parameters to physical catchment data were established; parameter values, calculated from the regression equations using spatial physical data for all the sub-catchments, were compared with the optimised values. From the regression equations for the small sub-catchments, regional parameter values for the large basin were calculated using spatially aggregated physical data. These calculated values were then compared with optimised regional parameters using inputs of spatially aggregated hydrological data from the whole region. Finally, the regional water balance components simulated using parameter sets determined with different approaches were compared and the differences caused by the transfer of regression equations from small to large scale were evaluated.
The water balance model NOPEX-6 (Xu et al., 1996) is a typical water and snow balance model, developed for water balance investigations for the NOPEX (Halldin et al., 1998) area and Nordic region. Earlier versions of the model have been applied to over 100 catchments in more than 20 countries (Xu, 1992; Vandewiele et al., 1992; Vandewiele and Ni-Lar-Win, 1998; Müller-Wohlfeil, et al., 2003) . The principal equations of NOPEX-6 are presented in Table 1 . The input data to the model are monthly values of areal precipitation, long-term monthly average potential evapotranspiration and air temperature. Precipitation p t is first divided into rainfall r t and snowfall s t by a temperature index function; at the end of each month snowfall is added to the snowpack sp t , of which a fraction m t melts and contributes to the soil moisture storage sm t . 
Study region and data
The study area is located in central Sweden the basin of Lake Mälaren with a drainage area of about 30 000 km² which is in the order of one grid cell size in GCM modelling (Fig. 1) . The area has 30 sub-catchments ranging in size from 6 to 4000 km 2 and is one of the largest catchments in Sweden. The available data comprise at least 10 years daily precipitation from 41 stations and daily temperature from 12 stations. Land-use data are also available for the corresponding catchments. Of the 30 sub-catchments, only 26 of them have been used in this study, because earlier investigations (Seibert, 1995) indicated uncertainties in the water divides of four of the sub-catchments.
The landscape of the area is dominated by large lakes and plains separated by high undulating ridges, rich in faults. The geology is characterised by granites in the northeast, sedimentary gneisses in the south and leptites and hälleflintas in the northwest with some small granite-dominated areas. The northwest is mostly afforested (69.3%), while meadow and grain cultivation is predominant in the south (25%). Seibert (1995) and Garcia (1997) have shown that the distribution of soil type parallels the landuse, i.e., areas of forest generally consist of sandy soil, whereas agricultural areas consist of clay soil. The mean annual precipitation and discharge are 800 and 310 mm, respectively. Excluding Lake Mälaren itself, 5.7% of the area is lakes (Table 2.) 
Approaches of parameters estimation PARAMETER ESTIMATION FOR INDIVIDUAL SUB-CATCHMENTS
Parameter values for individual sub-catchments are estimated in two ways:
l Firstly, the model was calibrated on all 26 subcatchments using an automatic optimisation method (Xu et al., 1996; Xu, 2001) . The optimised parameter values and their 95% confidence intervals are shown in Fig.2. l Secondly, the regression equations relating the optimised parameter values to physical properties of the catchments were developed using 22 randomly selected sub-catchments. The four remaining catchments were used to verify the equations.
In Table 3 , the regression equations are shown with their values of R 2 . The verification using the four independent catchments shows a relative difference between the observed and simulated mean monthly discharge of 2.5%. Parameter values determined from these regression equations for all the sub-catchments are also given in Fig.2 . For most catchments, the parameter values thus estimated lie in the 95% confidence interval of the optimised values. For parameters a 3 and a 4 , the regional average values calculated from optimised values are used in the second approach, because: (i) these parameters are nearly constant over the region (Fig. 2) ; (ii) these parameters are the least sensitive compared to the others (Xu, 2001) ; and (iii) no significant regional regression equations could be found for them (Xu, 1999b) .
ESTIMATION OF REGIONAL PARAMETERS
In this study, the Lake Mälaren basin, of the order of a GCMs grid size, was considered to be a large catchment compared to its 30 sub-catchments. The parameter values for the large catchment were determined in two approaches.
l Firstly, the physical properties of the large catchment were determined and the regional model parameters were estimated using the regression equations developed for individual sub-catchments. (Table 4 ). l Secondly, the input data file of the large catchment was assembled using the measurements of precipitation at 41 stations and of temperature at 12 stations in the area. For potential evapotranspiration, the monthly long-term average values from Uppsala Flygplats station were used recursively to form a 10-year sequence concurrent with precipitation and temperature for the study region.
The real-time series of the monthly potential evapotranspiration was calculated as an internal series using Eqn. (5) in Table 1 . To produce a benchmark parameter set for comparison with the parameters determined from the regression equations, the model was calibrated on the large basin and the parameter values were optimised (Table 4) .
Because the parameter values determined from the regression equations are in the 95% confidence interval of the optimised values, the suitability of transferring the regression equations to the larger region is warranted.
Regional water balance simulation
Water balance simulations for large catchments consist of three stages: determining regional model parameters from spatial data sets; defining input data; validation of model performance and parameter determination approach.
The regional model parameters and the input data set for the large catchment defined earlier are used here to simulate its water balance and the performance of the model in simulating discharges has been evaluated using the NashSutcliffe (1970) efficiency criterion, R 2 . The simulated and observed monthly discharges for the Lake Mälaren basin are presented in Fig. 3 ; the R 2 value between simulated and observed discharge is 0.87. Unfortunately, observations of actual evapotranspiration and of snowpack are not available for comparing with the simulated values. To provide a benchmark series for comparison, these data series were obtained by calibrating the model directly on the whole basin and comparing the results with the simulations. Figure 4 compares the calibrated and simulated regional time series of mean monthly discharge, actual evapotranspiration and snowpack. As expected from the comparison of regional parameter values given in Table 4 , the model performed equally well in simulating regional water balance using regional parameters determined from regression equations and using optimisation. To provide a quantitative and used to evaluate the performance of the model in simulating mean monthly water balance components. The ERR% values for discharge, actual evapotranspiration and snowpack are -1.22%, 0.07% and 1.95%, respectively.
Discussion and conclusions
The transferability of regression equations from small subcatchments to a large basin and/or to GCM/RCM rectangular grid cells is important if hydrological models are to be applied to large areas for water balance calculations of present climate and changing climate. In the absence of benchmark values of model parameters and water balance components at rectangular grid cells, for comparison purposes a large catchment in the order of a subgrid cell size was studied. The large catchment comprises 30 subcatchments. Although the study area is not continental in scale, the regional parameter estimation approaches and results derived in this study permit some confidence in using the model at an even larger scale. The main conclusion is that the parameters of the model tested depend on the spatial physical data of the catchments and the transferability of the regression equations derived from small sub-catchments to large catchments seems to be warranted. The model can be used to simulate the water balance for large catchments or regions with the parameter estimation approaches described in the study. It is noted here that the results obtained from this study cannot be applied directly to other models without a similar testing procedure is being performed; however, the approaches and verification methods might be useful for testing the merits of other conceptual models in large basins.
